We present a high-efficiency Ti:sapphire regenerative amplifier being developed as a pumping laser for a high-brilliance laserplasma X-ray source operating at a multi-kHz repetition rate. A ring resonator is adopted for stable single transverse mode operation and a laser rod is cryogenically cooled to suppress the strong thermal lens effect. By reducing losses in the resonator and by matching the pumping mode volume with the resonator mode, the conversion efficiency is increased to 37%. The output power is 7.4 W when pumped by a 1 kHz 20 W green laser. Laser-produced plasma is a high-brilliance X-ray source, and many applications making use of it are being developed, including biological and medical applications. With the availability of kHz repetition rate Ti:sapphire (Ti:S) lasers, the development of kHz repetition rate X-ray sources is being actively pursued.
Laser-produced plasma is a high-brilliance X-ray source, and many applications making use of it are being developed, including biological and medical applications. With the availability of kHz repetition rate Ti:sapphire (Ti:S) lasers, the development of kHz repetition rate X-ray sources is being actively pursued. [1] [2] [3] [4] [5] [6] The requirements of an excitation laser for the generation of X-rays are a pulse width of the order of 10 fs to 1 ns, a focused diameter of the order of 10 mm, a pulse energy more than 1 mJ and a repetition rate of the order of 1 to 10 kHz. As a pumping tool for X-ray generation, the laser system should be compact so that the entire system fits in a floor space smaller than tens of m 2 . The repetition rate and average power of the laser should be continuously variable.
When a Ti:S laser is operated at a multi-kHz repetition rate, the thermal lens effect is the most crucial issue. Some groups have attempted to solve the problem by using external compensation optics. 7, 8) However, the external compensation method can only be applied to fixed power and fixed repetition rate operation. When the repetition rate is changed, the compensation optics must be changed as well. A very interesting solution presented by Yang and Walker 9) is to use a ring resonator containing a focusing lens. With two laser rods placed symmetrically against the lens, the resonator is stable for a wide range of thermal lens focal lengths with a beam waist at the midpoint of the two rods. This scheme can be applied to variable repetition rate operation with a moderate thermal lens effect. Yang and Walker suppressed the strong thermal lens effects by cryogenic cooling of the Ti:S laser crystal. A decrease in the strength of the thermal lens is the result of both the increase in thermal conductivity and the decrease in the change of refractive index as a function of temperature, dn=dT, of sapphire. 10) The next important issue is conversion efficiency. By increasing the conversion efficiency of a system it becomes more compact and cheaper. Moreover, the load on the cooling system is reduced. While kHz Ti:S lasers are commercially available these days, the conversion efficiency from a pumping laser to output power before compression is only 12 to 13%. In the literature, the highest reported efficiency is 31%. 9) Although this value is considered to be reasonably high, through a study of the parameters determining the conversion efficiency, we believe that the efficiency can be improved further to reach 40%, as described later in this letter. In this letter, we report a procedure for optimizing the laser cavity parameters for improving the efficiency to 37% efficiency, which is the highest efficiency yet achieved to the best of our knowledge. The output power of our cryogenically cooled regenerative amplifier was 7.4 W for stretched pulses when pumped at 20 W at a repetition rate of 1 kHz.
The Ti:S laser rod was 6 Â 6 Â 25 mm 3 with an absorption coefficient 532 ¼ 1:4/cm with 0.1% doping. The Brewster-cut crystal was held in a copper mount welded to the bottom of a liquid nitrogen tank. Liquid nitrogen was supplied to the tank from a liquid nitrogen generator (Iwatani NL-300) capable of supplying 28 L a day, which was sufficient to keep the rod cool during 8 hours of operation at up to 300 W heat deposition. The Ti:S laser rod and the copper mount were enclosed in a vacuum cell of 10 À4 Pa pressure with Brewster windows to prevent frosting of the surfaces of the optics. The laser rod was pumped by the second harmonic of a diode-pumped Nd:YLF laser (Positive Light, Evolution30) having a wavelength of 527 nm. The maximum pumping power was 20 W at a repetition rate of 1 kHz. At 20 W pumping, the temperature of the copper block was 88 K and the focal length of the Ti:S rod thermal lens was longer than our detection limit of 25 m.
We first constructed a simple two-mirror linear resonator, to allow easy alignment of the cavity. However, the profile of the output beam was poor, as seen in Fig. 1(a) . A (a) (b) multimode beam is not acceptable for X-ray generation in which a small focused spot is required. By inserting a mode selection aperture, we could obtain a good quality beam, but with a sacrifice of efficiency owing to an increase in diffraction loss. The observed maximum efficiency was 25% at a pumping power of 20 W. When the pumping beam was more tightly focused, 30% efficiency was observed, but the oscillation stopped quickly due to damage to the laser rod. We abandoned the simple linear resonator because of poor beam quality. Although a three-mirror astigmatically compensated cavity has demonstrated good beam quality of
we instead investigated a ring-type resonator similar to that in ref. 9 . The advantages of ring cavities are discussed in ref. 12 . A convex lens with a focal length of 1 m was placed so that the beam waist was positioned at the laser rod. The round-trip length of the ring resonator was almost 4 m. The pump laser was focused on the laser rod using a lens of f ¼ 300 mm. In order to characterize the cavity in detail prior to extraction efficiency measurement, a BK7 wedge plate was inserted as an output coupler and the resonator was operated in the oscillator mode without seeding.
As seen in Fig. 1 (b), the beam profile obtained without a mode-selecting aperture was reasonably good. However, although it was far better than the beam profile shown in Fig. 1 (a), we still noticed some structure in Fig. 1(b) . We believe that this structure was due to the fact that the 4-mlong resonator with an f ¼ 1 m lens was stable for all beam sizes at the beam waist, which allowed non-TEM 00 mode oscillation.
In order to improve the efficiency, we need to know the stored fluence E st and the cavity loss, as these two parameters determine the extraction efficiency. The stored fluence can be calculated from a small-signal gain coefficient gl that can be estimated by observing the buildup of a pulse in the very early stage of oscillation. The observed gl as a function of the pump power is shown in Fig. 2 . From this it was found that the stored fluence at 20 W pumping was 1:35E s , where E s is the saturation fluence of 0.9 J/cm 2 . By extrapolating the straight line connecting the data to zero pump power, we found that the cavity loss was 19%. This loss includes 7.65% from reflection at the wedge plate inserted as an output coupler. Excluding the loss from the wedge plate, the cavity loss was estimated to be about 11%.
When an optical shutter consisting of a Pockels cell, a thinfilm polarizer, and a half-wave plate was inserted in the cavity instead of the wedge plate, the threshold was increased to 5.3 W, which implies a total loss of 24.5% and hence a loss due to the optical shutter of about 13%. This loss estimated from the oscillation threshold was in good agreement with the measured transmission of 86% of the probe laser beam through the optical shutter.
After characterizing the cavity, as described above, we operated the ring cavity regenerative amplifier by seeding with a continuous-wave laser diode with a wavelength of 790 nm and a power of 17 mW. The output power was 5.5 W at 20 W pumping, and the optical conversion efficiency was 28%.
In the following, we discuss how the extraction efficiency is related to the stored fluence and cavity loss. We can track the growth of a pulse inside the cavity by numerical calculation and calculate the extraction efficiency.
where L is the cavity loss. After N round trips, the pulse is switched out at the peak intensity. The calculated extraction efficiency C ex ¼ E out ðNÞ =E st ð1Þ is shown in Fig. 3 as a function of the cavity loss for five different values of initial stored fluence E st
ð1Þ . The open square in Fig. 3 indicates the data point 1:35E s and cavity loss of 24.5% observed in the above experiment. From this graph, we see that an extraction efficiency of 52% is expected for this data point. The initial stored fluence is given by E st ð1Þ ¼ E pump C abs C s , where E pump , C abs , and C s are the pump fluence, absorption rate, and Stokes factor, respectively. The Stokes factor from 527 to 790 nm is 0.67 and the absorption of the pumping laser by the rod was 93% for this first prototype of the ring resonator. The measured reflectivity for the s-polarized beam R s of the thin-film polarizer in the optical shutter was 83%. When the optical conversion efficiency is estimated as E out ðNÞ R s =E pump , the extraction efficiency of 52% mentioned above corresponds to a conversion efficiency of 27%. Then, pumping by a 20 W green laser should produce power of 5.4 W for regenerativeamplifier output. This power estimated as described above by using the measured small signal-gain and the cavity loss estimated from the data shown in Fig. 2 agrees well with the observed power of 5.5 W.
From Fig. 3 , we can see that both an increase in the stored fluence to above 1:5E s and a decrease in cavity loss to below 15% should lead to an extraction efficiency greater than 70%, equivalent to a conversion efficiency of nearly 40%. In order to realize such a high efficiency, we upgraded the ring resonator as shown in Fig. 4 . The upgraded cavity was carefully designed as follows. The round-trip length was reduced to 3.6 m. By reducing the cavity length, the resonator mode is fixed to TEM 00 with a waist size of 780 mm.
14) The measured M 2 of our pumping laser was 31.4. To obtain the best match between the pumping beam and the resonator mode, a focusing lens of 300 mm focal length was placed 142 cm from the pump laser. Fine adjustment of the lens position was performed by maximizing the output power. With a beam size of 1340 Â 780 mm 2 in the rod after horizontal magnification of 1.72 times due to Brewster incidence, the stored fluence was estimated to be 1:7E s for a pulse energy of 20 mJ with the 97% absorption of the new laser rod taken into account.
The cavity loss was minimized as follows. In the initial design, the cavity consisted of dielectric-coated mirrors optimized for the reflection of the p-polarized laser beam. The measured losses for the mirrors optimized for the reflection of the p-polarized laser beam used in the original resonator system were about 1%. In commercial products, mirrors optimized for the reflection of an s-polarized laser beam have a higher reflectivity than those optimezed for the reflection of a p-polarized beam. To reduce losses during reflection at the mirrors, the four mirrors M1, M2, M5, and M6 in Fig. 4 were changed to mirrors optimized for the reflection of the s-polarized laser beam. Two mirrors, M3 and M4, were optimized for the reflection of the p-polarized laser beam. The mirrors optimized for the high reflection of the s-polarized laser beam did not have a sufficient damage threshold when the beam diameter was small. In order to tightly focus the pumping beam with a lens of 300-mm focal length, M3 was placed near the lens. A four-mirror system without mirrors M3 and M4 is the conventional configuration for a ring resonator. In the case of the four-mirror system, additional optics are required for the pump beam. In our setup, these optics interfered with the vacuum flange of the Brewster window. We chose a simple optical path for the pump beam. Therefore, the six mirrors were used to construct the ring resonator. A half-wave plate was placed between M4 and M5 in order to change the polarization. This half-wave plate also acted as a part of the optical switch combining with the Pockels cell and the thin-film polarizer. The Pockels cell and the polarizer were placed between M2 and the laser rod. This design enabled the beam path to remain in the same horizontal plane for simple alignment of the cavity.
The loss of the optical shutter was 13% in the previous cavity. The optical shutter was inspected with a probe laser beam. When the full aperture of the Pockels cell was used, the loss was 14%. We found that reducing the beam size in the Pockels cell reduced the loss to 7%. Hence, the Pockels cell was placed near the rod where the beam size is small. The optical alignment and the half-wave voltage of the Pockels cell were carefully adjusted so that the leakage of the amplified pulse train from the thin-film polarizer was minimized. The buildup time of the amplified pulse train and the pumping threshold for the amplification were also minimized by Pockells cell adjustment. From a simple calculation, we expected the total cavity loss to be about 15%. The round-trip cavity loss estimated from a pumping threshold of 3.9 W was 17%.
After optimizing the resonator as described above, a stretched pulse having a spectral bandwidth of 37 nm (fullwidth at half maximum, FWHM) was seeded. The pulse was switched out from the ring resonator after a 14-round-trip amplification. The bandwidth of the extracted pulse was reduced to 26 nm. Gain narrowing is the most probable reason for the reduced bandwidth. Another possibility is spatial chirp induced by Brewster incidence to the laser rod and the two windows of the vacuum cell. A single pass of the rod and windows causes a displacement of the beam position of 10 mm, which is not so large compared with the beam diameter of 780 mm. The intracavity lens inverts the beam image at the rod position during the round-trips. The displacement induced by the spatial chirp does not accumulate.
The small-signal gain was 4.1 and the stored fluence was estimated to be 1:6E s , whereas the focused pump beam diameter and power predicted 1:7E s . The data for 17% loss and 1:6E s is plotted as an asterisk in Fig. 3 . From the figure, we find that an extraction efficiency of 68% is expected, that is, E out ðNÞ ¼ 0:68E st ð1Þ . The switched out pulse energy is decreased by the loss in the path after the rod. The reflectivities R M3 and R M4 of the two mirrors M3 and M4 were each about 99%. Other mirrors had a reflectivity larger than 99%. The intracavity lens is antireflection coated and its loss is negligible. The transmittance of the Pockels cell T pc0 without applying a high voltage measured with a smalldiameter probe beam was 97%. The measured reflectivity R s for the s-polarized beam of the thin-film polarizer was 83%. The optical conversion efficiency is given by E out ðNÞ R M3 R M4 T pc0 R s =E pump . Using the relations of E out ðNÞ ¼ C ex E st ð1Þ and E st ð1Þ ¼ E pump C abs C s , the conversion efficiency becomes a product of C abs C s C ex R M3 R M4 T pc0 R s . The measured absorption rate C abs was 97% for the new rod used here. For the extraction efficiency of 68% derived above from the small-signal gain and the cavity loss, we can expect to achieve a conversion efficiency of 35%.
We measured the output power with a laser power meter (Ophir Optronics, 30A), and obtained a 7.4 W output power for a pump laser power of 20 W. Thus, the conversion efficiency was 37%, which agrees with the expected value described above.
In summary, we achieved a conversion efficiency of 37% from a cryogenically cooled ring cavity Ti:S regenerative amplifier. This was realized by careful design of the resonator so that the resonator mode and pumping mode are well matched and that losses in the components are minimized. An output power of 7.4 W when pumped at 20 W at a 1 kHz repetition rate results in 7.4 mJ per pulse. This is the largest pulse energy obtained to date from a regenerative amplifier to our knowledge. The observed conversion efficiency agreed well with that expected for the cavity loss and stored energy.
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